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Abstract
We present a model based on a dipole picture with a hard and a soft pomeron
in which large dipoles couple to the soft pomeron and small dipoles couple
to the hard pomeron. The parameters in the model are fixed by proton-
proton scattering and the proton structure function F2(x,Q
2). The model is
then applied successfully to the proton charm structure function F c2 (x,Q
2),
the proton longitudinal structure function FL2 (x,Q
2), J/ψ photoproduction,
deep virtual Compton scattering γ∗p → γp, the real photon-proton total
cross section σTotγp (s), the real photon-photon total cross section σ
Tot
γγ (s), and
the photon structure function F γ2 (x,Q
2). Differences between our predictions
and and data on charm production in real photon-photon interactions and
the γ∗γ∗ cross section σTotγγ (s) are discussed.
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1 Introduction
The suggestion [1, 2] that deep inelastic scattering at small x can be eco-
nomically and successfully described by a two-component model comprising
the soft nonperturbative pomeron of hadronic interactions, with intercept
∼ 1.08, and a hard pomeron, with intercept ≈ 1.4 has met with considerable
phenomenological success when applied to other reactions. Notable among
these are J/ψ photoproduction and the charm structure function of the pro-
ton [3, 2], and exclusive ρ and φ photoproduction at large t [4]. Successful
although this phenomenology is, it does not explain, for example, the rela-
tive strengths of the hard and soft pomeron in deep inelastic scattering or in
J/ψ photoproduction; or why the charm structure function of the proton is
completely dominated by the hard pomeron.
To answer questions like these requires a specific model for the diffractive pro-
cess. This in turn necessitates consideration of the particle wave functions
which enter the reactions, and to disentangle the dynamics of diffraction from
wave-function effects it is necessary to treat several processes simultaneously.
An example is provided by [5] in which high-energy exclusive photo- and elec-
troproduction of vector mesons were studied in a two-component model of
diffraction. The soft and hard pomerons were modelled by nonperturbative
and perturbative gluon exchange respectively. This approach has the advan-
tage of providing a common kinematical structure in which it is possible to
separate the effects of the vector-meson wave functions from the dynamics of
the exchange. It was shown that the wave functions determine many aspects
of the data, including some which might have been considered to reflect the
dynamics of the exchange.
In this paper we follow the same philosophy and treat hadron-hadron, photon-
hadron, and photon-photon reactions in a uniform approach, but with a dif-
ferent model for the two pomerons. The model is based [6, 7, 8] on a dipole
picture with two pomerons in which small dipoles couple to the hard pomeron
and large dipoles to the soft pomeron. The proton is considered as a quark-
diquark system i.e. effectively as a dipole. This is very convenient but not
essential for the approach [9]. The dipole-dipole cross section [10, 9] has been
obtained in a functional approach [11] to high-energy hadron-hadron scat-
tering, the functional integrals being approximately evaluated in a specific
nonperturbative model, the stochastic vacuum model [12, 13]. This model
yields confinement and relates high energy scattering with low energy data
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and with results of lattice gauge calculations. The total dipole-dipole cross
section is obtained as the forward scattering amplitude of two dipoles aver-
aged over all orientations. This is then transportable to any dipole-dipole-
type reaction for which the wave functions of the participating particles are
known.
In section 2 we quote the results required for the present calculation and
refer to the literature for motivation and justification. In section 3 the
model is applied in turn to the proton structure function F2(x,Q
2), the
proton charm structure function F c2 (x,Q
2), the proton longitudinal struc-
ture function FL2 (x,Q
2), J/ψ photoproduction, deep virtual Compton scat-
tering γ∗p → γp, the real photon-proton total cross section σTotγp (W 2), the
real photon-photon total cross section σTotγγ (W
2), the photon structure func-
tion F γ2 (x,Q
2), charm production in real photon-photon interactions, and
the virtual photon-photon cross section σTotγ∗γ∗(W
2). The parameters for the
dipole-dipole cross section are fine-tuned to proton-proton scattering and
the criteria for defining small and large dipoles are obtained from the proton
structure function. These parameters remain unchanged throughout, and all
other processes are controlled by the relevant particle wave functions. Our
conclusions are presented in section 4.
2 The model
Our normalisation of the forward scattering amplitude Tab→cd for the reaction
ab→ cd is such that the forward elastic cross section is given by:
d
dt
σab→cb
∣∣∣
t=tmin
=
1
16π2W 4
|Tab→cb|2. (1)
If the outgoing particle c is the same as the incoming particle a we obtain
the total cross section from the optical theorem as
σTotab =
1
W 2
ImTab→ab, (2)
where W is the centre-of-mass energy of particles a and b.
In the model one calculates the expectation value of two light-like Wilson
loops with transverse extension ~R1 and ~R2. After averaging over all directions
and integrating over the impact parameter one obtains the forward scattering
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amplitude of two dipoles [10, 9]. The dipole-dipole cross section is obtained
using the optical theorem (2). At W =
√
s = 20 GeV it can be numerically
approximated to an accuracy of better than 10% by the factorising form
σdip(R1, R2) = 0.67
1
4π2
(〈g2FF 〉a4)2 R1
(
1− e− R13.1a
)
R2
(
1− e− R23.1a
)
(3)
where 〈g2FF 〉 is the gluon condensate in a pure gauge theory and a is the cor-
relation length of the gauge-invariant two-gluon correlator. The parameters
are taken from lattice results [14] and fine-tuned to pp scattering:
a = 0.346 fm 〈g2FF 〉a4 = 23.77. (4)
A quark-diquark picture is used for the proton so that the dipole formalism
is applicable.
Then Tab→cb is obtained by multiplying (3) with the products of the appro-
priate wave functions, using (2) and integrating:
Tab→cb = iW
2
∫
d2R1 d
2R2
∫ 1
0
dz1 dz2ψ
∗
c (
~R1, z1)ψa(~R1, z1)|ψb(~R2, z2)|2
× σdip(R1, R2) . (5)
Here ~R is the distance vector from the quark to the antiquark or diquark and
z is the longitudinal momentum fraction of the quark. It is assumed that
the product ψ∗c (
~R1, z1)ψa(~R1, z1) depends at most weakly on the polar angle
φ of ~R and so the φ-dependence can be ignored.
For the photon wave functions we use the perturbative expressions:
ψλ=0,h,h¯γ (Q
2, ~R, z) =
√
3αeˆf
−2z(1− z)Qδh,−h¯
2π
QK0(ǫR)
ψλ=±1,h,h¯γ (Q
2, ~R, z) =
√
3αeˆf
±√2
2π
(
i e±iφ(zδh, 1
2
δh¯,− 1
2
−(1− z)δh,− 1
2
δh¯, 1
2
)K1(ǫR) +mδh,± 1
2
δh¯,± 1
2
K0(ǫR)
)
(6)
with
ǫ =
√
z(1 − z)Q2 +m2f . (7)
Here R and φ are the plane-polar coordinates of the transverse separation
~R of the quark-antiquark pair, eˆf is the charge of the quark in units of the
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elementary charge, mf its mass, and h and h¯ the helicities of the quarks and
the antiquarks; λ = 0 indicates a longitudinal photon, λ = ±1 a transverse
photon. The functions Ki are the modified Bessel functions. These expres-
sions can be used for photons of high virtuality. For photons of low virtuality
we use the same expressions but with a Q2-dependent mass meff(Q
2) instead
of mf . This procedure has been justified in [15] and the following linear
parametrisations have been obtained from comparison with the phenomeno-
logical vector-current two-point function:
meff(Q
2) =
{
mf +m0q (1−Q2/Q20) for Q2 ≤ Q20
mf for Q
2 ≥ Q20 (8)
with
m0q = 0.20± 0.02 GeV mf = 0.007 GeV Q20 = 1.05 GeV2 (9)
for the up and down quark, and
m0q = 0.31± 0.02 GeV mf = 0.15 GeV Q20 = 1.6 GeV2 (10)
for the strange quark. In this paper we use m0q = 0.19 GeV for the light
quarks and 0.31 GeV for the strange quark. The mass of the charmed quark
was chosen as the median value of the MS-mass at µ = mc, mc = 1.25 GeV
[16].
In the quark-diquark picture of the proton we use a Gaussian wave function
ψp(~R) =
1√
2π Rp
exp
(
− R
2
4R2p
)
. (11)
The transverse radius Rp was also fine tuned [17], in this case to obtain the
observed logarithmic slope for elastic pp scattering at a centre-of-mass energy
of W = 20 GeV:
Rp = 0.75 fm. (12)
The wave function for the J/ψ is taken from [17]. It is constructed in the
following way. The spin structure is that of a massive vector current with
mass mc, that is it has the same structure as the charm part of the photon
wave function (6). An additional z-dependent factor as introduced in [18] is
also included and the dependence on the transverse distance R is modelled by
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a Gaussian like (11). The mean radius is fixed by the normalisation condition
and the electromagnetic decay width.
The stochastic vacuum model is a model for the infrared behaviour of QCD
and and was applied originally to hadron-hadron scattering alone [9, 19, 20].
It turned out that it yielded reasonable results for photon-induced processes
for photon virtualities Q2 up to about 10 GeV2 [17, 15, 21]. For higher values
of Q2 the model overestimates the cross sections. This may have the following
reason. For consistency of the model with low-energy theorems the strong
coupling in the infrared domain must have the frozen value [22] αs ≈ 0.57. It
is plausible that upon introduction of a hard scale through a highly-virtual
photon the coupling of the gluons to the corresponding dipole is governed
by that hard scale. Therefore we have rescaled the results obtained for the
dipole cross section (1) by the factor
αs(Q
2)
αs(0)
=
1
0.57
· 4π
11 · log(Q2/Q20 + 7.42)
(13)
with Q20 = 1 GeV
2. This corresponds to a running coupling αs(Q
2) in a
flavourless scheme adjusted to give αs(0) = 0.57.
As mentioned in the Introduction our main purpose is to apply the two-
pomeron approach to different processes. The results of [1, 2] strongly suggest
that the soft pomeron couples predominantly to large dipoles whereas the
hard pomeron couples to small dipoles. In order to be economical with
parameters we introduce a sharp cut and assume that only the soft pomeron
couples if both dipoles are larger than a certain value Rc, whereas the hard
pomeron couples if at least one of the dipoles is smaller than Rc. Energy
dependence is introduced by hand into the the dipole cross section (3) by
dividing the amplitude into a soft and a hard part with the coefficients σs
and σh:
Tab→cb(W ) = iW
2
(
σs (W/W0)
2ǫs + σh (W/W0)
2ǫh
)
(14)
with
W0 = 20 GeV , ǫs = 0.08, ǫh = 0.42 . (15)
The soft pomeron contribution is given by:
σs =
∫
∞
Rc
2πdR1
∫
∞
Rc
2πdR2
∫ 1
0
dz1 dz2ψ
∗
c (
~R1, z1)ψa(~R1, z1)|ψb(~R2, z2)|2
× σdip(R1, R2). (16)
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For the hard pomeron it has been argued [23] that the appropriate dimen-
sionless variable is RW for the following reason. Highly virtual photons have
a hadronic radius R ∝ 1/Q, so in order to ensure scaling behaviour for the
dimensionless quantity Q2σdip(R,W ) the W dependence should come in the
combination W 2R2 which corresponds to the inverse of the Bjorken variable
x. If one dipole is small, say R1 ≤ Rc, the hard contribution should de-
pend upon the factor (R1W ); if both dipoles are small, then upon the factor
(R1R2W
2). Since the factor W 2ǫh has been extracted in (14), we obtain for
the coefficient σh:
σh =
∫ Rc
0
2πdR1
∫ Rc
0
2πdR2
∫ 1
0
dz1 dz2ψ
∗
c (
~R1, z1)ψa(~R1, z1)|ψb(~R2, z2)|2
× σdip(R1, R2)(R1R2/R2c)ǫh
+
∫ Rc
0
2πdR1
∫
∞
Rc
2πdR2
∫ 1
0
dz1 dz2ψ
∗
c (
~R1, z1)ψa(~R1, z1)|ψb(~R2, z2)|2
× σdip(R1, R2)(R1/Rc)2ǫh
+
∫ Rc
0
2πdR2
∫
∞
Rc
2πdR1
∫ 1
0
dz1 dz2ψ
∗
c (
~R1, z1)ψa(~R1, z1)|ψb(~R2, z2)|2
× σdip(R1, R2)(R2/Rc)2ǫh (17)
3 Results
3.1 γ∗p reactions
With the rescaling factor (13) and the energy dependence introduced in (17)
we can describe the proton structure function, or equivalently the total γ∗p
cross section σTotγ∗p, from Q
2 = 0 up to Q2 ≈ 150 GeV2. The only free
parameter is Rc. In figure 1 we show some the results for Rc = 0.22 fm
compared with a sample of experimental data from ZEUS [24] and H1 [25].
We can also compare with the fit to the data in [1] where the structure
function was separated into a soft and a hard part; the model reproduces the
Q2 dependence of the soft- and hard-pomeron contributions obtained in [1]
very well.
With Rc fixed, the model can be used to predict the charm part of the
proton structure function, F c2 (x,Q
2), and the longitudinal structure function,
FL(x,Q
2). In both cases the photon wave function is concentrated at smaller
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Figure 1: Examples of σTotγ∗p(Q
2,W ) for different values of the photon virtual-
ity Q2 in GeV2 as indicated in the figures. The solid line is our model. The
data are from ZEUS [24], squares, and H1 [25], triangles.
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Figure 2: The soft and hard contribution to structure functions at differ-
ent values of x. Solid line hard contribution from the model; dashed line
soft contribution from the model. First row, proton structure function F2;
second row, longitudinal proton structure function FL ; third row, charm
contribution to the proton structure function F c2 : last row, photon structure
function F γ2 /α.
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distances. In the case of charm this is a consequence of the mass of the
charm quark occuring in the argument ǫ (see (7)) of the modified Bessel
function in the photon wave functions (6). For the longitudinal structure
function it is a consequence of the factor z(1− z) in the wave function of the
longitudinal photon. This factor suppresses contributions from small values
of ǫ, which correspond to large distances. Thus the hard pomeron is already
dominant at moderate energies, as can be seen from the second and third
rows of figure 2. The strong suppression of the soft pomeron relative to the
hard pomeron in F c2 (x,Q
2), which is purely a wave-function effect, is notable
and provides an explanation for the almost-complete flavour-blindness of the
hard pomeron commented on in [3, 2]. Comparison of the first and second
rows of figure 2 shows that for the longitudinal structure function the increase
of the short range (hard part) with increasing Q2 is not as strong as for the
transverse structure function, a consequence of the less-singular behaviour of
the Bessel functions at the origin in the relevant photon wave function (K0 vs
K1). Nonetheless as the long range (soft part) of the longitudinal structure
function is even more suppressed at large Q2 relative to its contribution to
the transverse structure function, the hard pomeron is dominant sooner in
FL(x,Q
2) than in F2(x,Q
2). In figures 3 and 4 we compare the predictions of
the model directly with the experimental results for the charm [26, 27] and
longitudinal [28] structure functions. The agreement with both data sets is
clearly satisfactory.
It is instructive to compare the photoproduction of J/ψ mesons with the
charm structure function F c2 . Experiment tells us that the ratio of the soft
pomeron to the hard pomeron is much larger for J/ψ production than for the
charm contribution to the proton structure function at comparable energies.
This can be easily understood in the dipole-model approach. The virtual
cc¯ pair in the photon wave function has an extension of ≈ 1/mc, but the
J/ψ has a much larger radius, in the range from a typical hadronic radius to
the Bohr radius of order 1/(αsmc). Therefore the overlap of the charm part
of the photon wave function with the J/ψ wave function obtains a larger
contribution from distances R > Rc than does the square of the charm part
of the photon wave function.
In the approach presented here we can only evaluate the forward production
amplitude. In an earlier investigation [17] with the same model at a centre-of-
mass energy of W = 20 GeV an effective logarithmic slope of the production
cross section of about 6 GeV−2 was found. For our calculation we have used
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Figure 3: The charm contribution to the proton structure function F c2 for
different values of Q2 as indicated in the figures. The solid line is the full
result, the short-dashed line the hard pomeron contribution and the long-
dashed line the soft pomeron contribution. The data are from ZEUS [26],
squares, and H1 [27], triangles.
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Figure 4: The longitudinal proton structure function FL for different values
of Q2 as indicated in the figures. The solid line is the full result and the
dashed line the hard pomeron contribution. The data are from H1 [28].
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Figure 5: Cross section for the reaction γp → J/ψp. The long-dashed
curve is obtained from the forward amplitude using a constant logarithmic
slope b = 6 GeV2 and the solid curve using an s-dependent slope from Regge
theory. The data are from H1 [29],triangles, and ZEUS [30], squares.
the same J/ψ wave function as there. In figure 5 we show the integrated
production cross section for two cases: with a constant logarithmic slope of
b=6 GeV−2 (dashed line) and with a slope varying with energy as predicted
from Regge theory, where the trajectory of the soft pomeron has the slope
α′Ps = 0.25 GeV
−2 and that of the hard pomeron [3] is α′Ph = 0.1 GeV
−2 (solid
line) with b= 6 GeV−2 at W = 20 GeV. The agreement with the H1 [29] and
ZEUS [30] data is satisfactory in both cases. The actual normalization of the
cross section is rather sensitive to the special choice of the wave function, but
the energy dependence is much less so, as can be inferred from the general
arguments given above.
In a recent paper [31] we investigated deep virtual Compton scattering,
γ∗p → γp, in essentially the same model as here. In that paper, as in
previous investigations [7, 8] on γγ reactions, we used a somewhat different
procedure [6] to incorporate a hard scale into the nonperturbative model.
Instead of the rescaling (13) used here, in [31] the dipole cross section (3)
was put to zero if at least one dipole was smaller than 0.16 fm. In figure 6
we show the integrated cross sections as a function of Q2 and of W . The
solid line is our present prediction compared with the result for the previous
procedure (dotted line). The data are the preliminary H1 data [32] after sub-
13
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Figure 6: (a)The integrated cross section for the reaction γ∗ p → γ p as a
function of the virtuality Q2 of the incoming photon at an averaged 〈W 〉 = 75
GeV. (b)The integrated cross section for the reaction γ∗ p→ γ p as function
of the centre-of-mass energy W at an averaged virtuality of the incoming
photon of 〈Q2〉 = 4.5 GeV2. The solid line is the result of the present form
of the model, the dashed line the result of [31] and the data are preliminary
H1 results [32].
traction of the Bethe-Heitler contribution. Also in this case only the forward
scattering amplitude has been calculated. For comparison with experiment
the integrated cross section has been obtained assuming a constant logarith-
mic slope b = 7 GeV−2 which is the average value over the Q2 range of the
preliminary data. The only serious discrepancy between the model and the
preliminary data is at Q2 = 3.5 GeV2. This is reflected in the normalisation
of the integrated cross section in figure 6(b) as the low-Q2 point dominates
this cross section. Note, however, the important constraint put on models by
the real γp data. The model prediction is compared with the real γp cross
section σTotγp in figure 7. Note that the model predicts a significant contribu-
tion from the hard pomeron to σTotγp , similar to that found in [1]. However the
data do not demand such a contribution as, due to the comparatively large
errors at high energy, the data can accomodate the standard soft-pomeron
energy dependence.
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Figure 7: σTotγp . The solid line is the full result. It has the following contribu-
tions: long dashes, soft pomeron; short dashes, hard pomeron; dots, reggeon.
The data are from [33]
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(a) (b) (c)
Figure 8: Graphical representation of the dipole-dipole model contribution
(a), the reggeon contribution (b) and the box diagram (fixed pole, quark
parton model), (c)
3.2 γ-γ reactions
With the same approach and the same parameters we can also calculate
γγ, γ∗γ and γ∗γ∗ cross sections. Since some of the experimental results are
obtained at relatively low centre-of-mass energies the reggeon contribution,
figure 8(b), and the box diagram, figure 8(c), have to be taken into account.
As an estimate for the reggeon contribution we use the form given in [8]. It
was pointed out there that there is considerable uncertainty in this contri-
bution. We include this uncertainty when comparing our predictions with
data. Analytical results for the box diagram without any approximations
can be found in [34]. In the framework of Regge theory it correponds to a
fixed pole in the angular momentum plane and has therefore to be added to
the moving Regge-pole contribution [8]. In the literature it is often quoted
as quark-parton-model (QPM) contribution.
The principal difference between γγ and γp at high energies comes from the
singularity of the photon wave function at the origin. This favours the hard
component and therefore it should become apparent even in the scattering of
real photons. In figure 9 we show our result for the cross section σTotγγ together
with OPAL[35] and L3[36] data. The experimental cross sections are rather
sensitive to the Monte Carlo model used for the unfolding of detector effects,
different Monte Carlos producing different results. The resulting uncertainty
is contained in the errors on the OPAL data. The L3 data shown are the
average of the two extremes. In this case the energy dependence of the data is
not compatible with the soft pomeron alone, and the additional contribution
of the hard pomeron is required.
The model predictions for F γ2 /α are equally satisfactory. A comparison with
data is made in figure 10. The agreement with experiment is good for small
16
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Figure 9: σTotγγ (W ). The solid line is the full result. The separate con-
tributions are: long dashes, soft pomeron; short dashes, hard pomeron;
dot-dashes, fixed pole (box diagram); dots, reggeon. The data are from
OPAL[35], boxes, and L3 [36], triangles.
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Figure 10: The photon structure function F γ2 /α for different values of Q
2 as
indicated in the figures. The upper solid line includes the “full Regge”, the
lower solid line includes “half Regge”. The separate contributions are: long
dashes, soft pomeron; short dashes, hard pomeron; dot-dashes, fixed pole
(box diagram); dots, reggeon. The data are from OPAL [37, 38, 39], boxes;
L3 [40, 41], triangles; and ALEPH [42], stars.
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Figure 11: R, the ratio of the soft and hard contributions of the photon
to the proton structure function. The solid line is the ratio of the hard
contributions, the dashed line the ratio of the soft.
values of x. At large x the increasing importance of the Regge term induces
an increasing uncertainty in the predictions, but nonetheless they remain
satisfactory for x ≤ 0.1. The model predictions for the shape of the photon
structure function F γ2 /α are very similar to those for the proton structure
function, as can be seen by comparing the first and last rows of figure 2.
Indeed at large Q2 the photon structure function exhibits precisely the same
sensitivity to the hard contribution as does the proton structure function. To
quantify this, in figure 11 we display the ratio R = (F γ2 /α)/F2 for the soft and
the hard contributions separately as a function of Q2. The ratio of the soft
contributions (dashed line) is practically constant. The hard contribution to
F γ2 is relatively favoured at small Q
2, a consequence of the singularity of the
photon wave function at the origin, but the ratio of the hard contributions
tends to the same constant as that of the soft contributions at large Q2. Of
course this is a model-dependent statement, but nonetheless it emphasises
the importance of σTotγγ as a probe of the hard contribution.
There is an interesting discrepancy between the model and the experimental
results for charm production in γγ interactions. Whereas we found good
agreement with experiment for the charm structure function of the proton,
see figure 3, our model predictions for the reaction γγ → cc¯X are about a
factor of 2 lower than the L3 results [43], as can be seen from figure 12. There
19
0 20 40 60 80 100 120 140
10
100
W [GeV]
σ
[µb]
Figure 12: Cross section for the reaction γ γ → cc¯X . The solid line is the
full result. The separate contributions are: long dashes, soft pomeron; short
dashes, hard pomeron; dot-dashes, fixed pole (box diagram). The data are
from L3 [43].
is a similar discrepancy with the OPAL [44] result for the charm contribution
to the photon structure function at small x, see figure 13, but not at larger
x where the box diagram dominates. The small-x datum, taken at face-
value, implies that the charm contribution is already at, or close to, its
asymptotic fraction of the photon structure function. Indeed, within the
erors, it exhausts the full structure function.
The discrepancy cannot be removed by simple adjustments of the parameters
in the model, which are anyway rather tightly constrained by other data.
This can be seen from the following model-independent considerations. At
very high Q2 charm production in γ∗γ scattering should be 4
5
of the total
cross section. A factor of 2
5
comes from the ratio of the square of the charm
charge to the sum of the squares of the charges of all contributing flavours,
and there is an additional factor of 2 since the cc¯ pair can be created by either
photon. For moderate Q2 one has to take account of the charm mass and
make the replacement Q2 → Q2eff . The latter is the average of the expression
Q2 + m2c/(z(1 − z)) occuring in the overlap integrals. The cross section
4
5
σTotγ∗γ(Q
2
eff ) is then an estimate for charm production in γγ interactions. A
similar argument can be applied to γp reactions, where 2
5
σTotγ∗p(Q
2
eff) is the
corresponding estimate for charm production with a photon of virtuality Q2.
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Figure 13: Charm contribution to the photon structure function F γ2 c/α. The
solid line is our prediction at Q2 = 20 GeV2, the dashed line the hard
pomeron contribution and the dotted line the contribution from the box
diagram. The squares are the OPAL data [44] for charm at 〈Q2〉 = 20 GeV2.
The stars are the L3 results for the full photon structure function F γ2 at
〈Q2〉 = 23 GeV2, and the upper curve our model result for the full photon
structure function F γ2 /α at 23 GeV
2.
25 50 75 100 125 150 175 200
2
4
6
8
10
W [GeV]
σ
[nb]
(a)
25 50 75 100 125 150 175 200
10
20
30
40
50
60
W [GeV]
σ
[nb]
(b)
Figure 14: Model prediction and upper estimates for the production of charm
in (a) γ∗p and (b) γγ reactions. Solid line the actual model prediction, dashed
line the upper estimate from flavour charge independence.The data are from
[26] (a), and L3 [43](b)
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As the product z(1 − z) ≤ 1
4
then Q2 + 4m2c is the lower bound of Q
2
eff and
therefore the cross sections with that virtuality provide an upper estimate for
charm production. In figure 14(a) we show the model prediction for the cross
section for charm production off protons at Q2 = 1.8 GeV2 and compare it
with the upper estimate 2
5
σTotγ∗p(Q
2 + 4m2c) and the experimental data from
ZEUS [26]. The comparison of the model with the estimate is reasonable and
we note that the estimate indeed tends to be above the data. In figure 14(b),
where the target is a photon instead of a proton, the experimental data from
L3 [43] are larger than the upper estimate 4
5
σTotγ∗γ(Q
2 = 4m2c) which in turn is
larger than the model, showing approximately the same relative magnitude
as in the proton case.
So the charm data may indicate that γγ and γ∗γ processes are really rather
different from the corresponding γp reactions. If treated in isolation, the γγ
and γ∗γ data can be described by
• increasing the fraction of the hard-pomeron and decreasing the fraction of
the soft pomeron in σTotγγ and, possibly, giving the hard pomeron a stronger
energy dependence than we have used in our model.
• making corresponding changes in F γ2 and modifiying the Q2 dependence of
both terms, that is discarding the simple picture of (11).These modifications
can not be excluded by the present data.
Note that our calculation does not include central production of charmed
quark-antiquark pairs (doubly-resolved photons in pQCD language), but for
this contribution to have a significant effect it would need to play a more
important role in γ-γ collisions than in γ-proton interactions.
We note that results from perturbative QCD [45] using the photon structure
function from [46] report no such discrepancy with the data. This is inter-
esting as for γ∗p reactions the results of perturbative QCD are essentially in-
distinguishable from our model. The comparison between perturbative QCD
and the γγ charm data was done for the full process e+e− → e+e−cc¯, so we
have converted our γγ cross section to the full e+e− cross section using the
equivalent photon approximation [34]. The threshold was taken as zth = 4m
2
c
and Q2max = 4m
2
c , in the notation of [16]. The result for mc=1.25 is shown in
figure 15(a) and compared with results from pQCD and experimental data.
Here the agreement with the perturbative QCD results is rather good and
the discrepancy with experiment seems not dramatic. One reason for this is
that the box diagram remains important up to the highest values of
√
se+e−,
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Figure 15: Cross section for the reaction e+e− → e+e−cc¯. The solid line is
our model with mc =1.25, the dotted line the box diagram alone and the long
dashed line is NLO perturbative QCD [45] with mc =1.3 GeV. The data are:
L3[43], triangles; ALEPH[47], stars; DELPHI [48], diamonds; OPAL [44],
boxes. The results at lower energies (crosses) are from [49, 50, 51, 52]. Open
symbols refer to preliminary results.
see figure 15(b), and the discrepancy at highW in figure 12 is smeared out in
the full e+e− data and is much less visible. This emphasises the importance
of comparing models with σγ∗γ∗ rather than with σe+e−. We also note that
there are significant differences at present among the preliminary data sets
available, so it is perhaps too early to attempt to draw significant conclusions.
Although it is perhaps premature to draw firm conclusions from the charm
data, it is clear that our nonperturbative model cannot give the full answer
when both photons have high virtuality since it decreases much faster with
increasing virtuality than purely perturbative contributions. The dipole-
dipole cross section (3) behaves for small values of R1 = R2 = R as R
4, and
therefore the γ∗ γ∗ cross section decreases like 1/Q4 for Q2 = Q21 = Q
2
2 and
fixed Q2/W 2. The perturbative contributions decrease, up to logarithms, like
1/Q2 [53]. This follows from a simple dimensional argument. In perturbation
theory with massless quarks, in forward scattering the only dimensioned
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Figure 16: σγ∗γ∗ with box graph contribution subtracted. (a) L3 data [54] at
〈Q2〉 = 3.5 GeV2. (b) preliminary L3 data [55] at 〈Q2〉 = 15 GeV2, triangles
and preliminary OPAL data [56] at 〈Q2〉 = 17 GeV2, boxes. The separate
theoretical contributions are: long dashes, soft pomeron; short dashes, hard
pomeron; dots, reggeon; solid, sum.
quantities are W 2 and Q2 as no internal scale appears. Therefore for fixed
Q2/W 2 the cross section has to be proportional to 1/Q2. However our
model can be used as an estimate for the non-perturbative background in
γ∗γ∗ reactions. In figures 17 and 18 we show the different contributions
to σTotγ∗γ∗(Q
2) as a function of the common virtuality Q2 at fixed W and as
a function of W at fixed Q2. In figure 16 the theoretical contributions are
displayed as a function of Y ≈ log(W 2/Q2) for fixed 〈Q2〉 = 3.5 and 16 GeV2.
They are compared with the L3 [54, 55] and OPAL [56] data at 〈Q2〉 = 3.5
and 〈Q2〉 = 15 and 17 GeV2 after subtraction of the box diagram. We note
that there is also a very clear purely-nonperturbative signal visible beyond
the box diagram.
3.3 Summary and Conclusions
We have used a simple dipole-dipole approach, adopted to the two pomeron
picture [1] in order to describe a great variety of high energy reactions. The
picture of dipole-dipole scattering is a consequence of our nonperturbative
approach which starts from the evaluation of lightlike Wilson loops[11, 10].
The dependence of the scattering amplitude on the dipole sizes is also deter-
mined in our model and related to low-energy and lattice results [12, 13, 9].
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Figure 17: Separate contributions to the σγ∗γ∗(W ) at fixed values of Q
2
1 =
Q22 = Q
2 as indicated in the figures: solid, pomerons; dot-dashes, fixed pole
(box diagram); dots, reggeon.
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Figure 18: Separate contributions to the σγ∗γ∗(Q
2) at fixed values of W
as indicated in the figures: solid, pomerons; dot-dashes, fixed pole (box
diagram); dots, reggeon.
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W pp γp γγ
[GeV]
20 0.0023 0.037 0.071
100 0.007 0.10 0.19
200 0.011 0.16 0.27
1800 0.048 0.45 0.62
Table 1: The ratio of the hard pomeron to the total pomeron contribution
for the total cross sections of different reactions; without any unitarity cor-
rections
The energy dependence is put into the model by hand and inspired by the
Q2 dependence of the hard and soft contribution found in [1]: if at least one
dipole is smaller than a critical value Rc the energy dependence is governed by
the hard pomeron, otherwise by the soft one. The numerical value Rc ≈ 0.22
fm was adjusted from comparison with the proton structure function. With
this single parameter the Q2 dependence of the soft and hard contribution
of the proton structure function obtained in [1] is reproduced very well. The
behaviour of different reactions is then controlled solely by the different wave
function of the participating photons and hadrons. We have introduced no
saturation mechanism into the dipole cross section and the analysis shows
that there is no compelling reason to do so.
There is one reaction which seems to jeopardize our simple picture, namely
charm production in photon-photon reactions where our model underesti-
mates the results from L3 [43] for the reaction γγ → cc¯X by about a factor
of two. We have discussed this question in detail also in an less model-
dependent approach and argued that, interesting as the discrepancy is, it
might be to premature to draw final conclusions. At any rate future data for
this reaction might be very important for our general understanding of the
underlying mechanisms of the dipole approach.
A consequence of our approach is that the hard pomeron is not a product of
perturbative evolution but is also present in soft processes. For example, we
have seen that the γγ cross section receives a non-negligible hard contribu-
tion due to the pointlike coupling of the photon and the resulting singularity
of the photon wave function at the origin. Similarly there is a hard contri-
bution to the γp cross section. It is compatible with but not demanded by
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experiment. There is necessarily also a non-zero hard contribution to pro-
ton proton scattering. In table 1 we give the ratio of the hard to the soft
plus hard contribution for different reactions and centre-of-mass energies. As
can be seen the hard component in proton-proton scattering is so small as
to be within the limits of experimental error at present energies. At higher
energies, where its presence might be expected to be observable, it will be
suppressed by unitarity corrections, therefore the values for proton-proton
scattering represent an upper limit. As the proton, unlike the photon, is a
genuinely nonperturbative object, the difficulty of detecting a hard contribu-
tion in proton proton scattering means that the γp total cross section is of
considerable importance in this respect.
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